Introduction
Gd(III) complexes have attracted significant attention of researches in recent decades owing to their use in magnetic resonance imaging (MRI). [1] [2] [3] A great number of commercial MRI contrast agents are based on Gd(III) complexes. [1, 3] It must be mentioned that longitudinal relaxivity and stability of molecular contrast agents can be easily tuned by variation of hydration number and ligands of Gd(III). Nevertheless, the drawbacks of the molecular complexes, such as toxicity and adverse effects, provoked the development of nanoparticulate approach, where nanosized species of water insoluble salts, [4] [5] [6] [7] [8] [9] [10] [11] [12] oxides [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] or complexes [25, 26] of Gd(III) are stabilized with polyethyleneoxides or polyelectrolytes. Literature data indicate main factors affecting magnetic relaxation rates in aqueous dispersions of Gd(III) nanoparticles, although no proper theory for accurate interpretation of relaxivities in Gd(III)-based colloids is available to date. It is well-known that nanoparticulate form of Gd(III) complexes increase longitudinal relaxivity due to slowed down translational movement of Gd(III) centres. [27] [28] The size of nanoparticles greatly affects the relaxivity. In particular, the size should be about 2 nm for successful hydration of the majority of Gd(III) centres within nanoparticles. [29] [30] [31] Thus, any external factors guiding a transformation of Gd(III) complexes into Gd(III)-based nanoparticles are of great importance in improving of longitudinal relaxivity. From this point of view Gd(III) complexes are more suitable for phase and size optimization through changing their water solubility than Gd(III)-based nanoparticles.
Coordination chemistry of lanthanide complexes with polycarbonic acids demonstrates many examples, where precipitated electroneutral complex tends to dissolve upon further deprotonation of carboxylic groups, which are not participated in coordination with Gd(III). [32] It must be added that the development of nanoparticulate Gd(III) contrast agents requires specific solubility of Gd(III) complexes. The solubility should be rather poor to form hard Gd(III)-containing dispersions, but not too poor to avoid their uncontrollable growth. Ligands with hydrophilic chelating groups embedded to hydrophobic macrocyclic backbone, such as calix [4] arene, calix [4] resorcinarene or thiacalix [4] arene are well-known versatile platforms for metal complexes. [33] [34] [35] [36]
In our previous paper we have reported the pH-dependent complex formation of Gd(III) ions via novel alkyl-malonate thiacalix [4] arenes substituents in H 2 O-DMSO solutions. The precipitated complexes have been converted into hydrophilic colloids of "plum-pudding" morphology, where the Gd(III) complexes form hard small (1. •s -1 at 0.47 T, respectively). The DLS study revealed the average sizes and electrokinetic potentials of the colloids. However, DLS does not allow for detection of the hard cores of the colloids. In view of the aforesaid, in the present article we have thoroughly investigated the colloidal properties of these nanoparticles by means of small-angle X-ray scattering (SAXS).
Experimental

Materials
Commercial chemicals Gd(NO 3 ) 3 ·6H 2 O (99.9 %), K 2 CO 3 (99.9 %), NaOH (pellets, 98.5 %), KOH (pellets, 98.5 %), HNO 3 (70 %), HCl (37 %), H 2 SO 4 (96 %), dimethylsulfoxide (DMSO) (99.8 %), dimethylformamide (DMF) (99 %), chloroform (99.9 %), NaH (60 % suspension in oil), MgSO 4 (99 %), glacial acetic acid (99 %), xylenol orange (o-cresolsulfonphthaleindi-(methyliminodiacetic acid) sodium salt), poly(sodium-p-styrenesulfonate) (Mw ~70000) were obtained from Acros Organics. Malonic ether was purchased from Alfa Aesar (99 %). Deuterated chloroform and (99.8 %), DMSO (99.8 %), polyethylenimine (PEI) (Mw ~25000) were purchased from Sigma Aldrich. DMSO and DMF were distilled twice over P 2 O 5 under reduced pressure prior to use. Chloroform was purified as follows: a certain volume of CHCl 3 was washed a few times with doubly distilled water and concentrated H 2 SO 4 , dried over K 2 CO 3 and finally was distilled at atmospheric pressure. All other chemicals were used as received without further purification.
The synthesis of thiacalix [4] arenes outlined in Scheme 1 has been reported by us previously. [37] 
Synthesis of PSS and PSS-PEI-stabilized aqueous colloids
Determination of Gd(III) concentration in the obtained colloids
After being washed with water the real concentration of Gd(III) in the obtained suspensions was determined as follows: 50 µL of 1M HNO 3 were added to 6 mL of the studied suspension and shaked vigorously for 1 min to yield virtually transparent solution. Then this solution was analyzed for Gd(III) quantity spectrophotometrically with use of Xylenol Orange.
Methods
Small angle X-Ray scattering (SAXS) data for samples were collected with the Bruker AXS Nanostar SAXS system using CuK α (λ 1.5418 Å) radiation from a 2.2 kW X-ray tube (35 kV, 40 mA) coupled with Gobbel mirrors optics and a HiStar 2D area detector. The beam was collimated using three pinholes with apertures of 800, 450 and 700 μm. The instrument was operated with a sample-to-detector distance of 63.5 cm to provide data at angles 0.1º<2θ<4.8º, which correspond to 0.007 Å ). Scattering patterns were obtained for the samples at 23 °C in an evacuated chamber. The measurements were performed in transition mode with the use of 2 mm glass capillaries filled by liquid samples. Two experiments at least were performed for each sample in order to control the quality. The results of two experiments are summarized, so that the total time of each
Results and Discussion
As mentioned in our earlier paper the good solubility of thiacalix [4] arenes 1, 2, 3 was found in DMSO [37] and it was used as the solvent for complex formation with Gd(III). Triethylamine (TEA) was added to deprotonate malonic acid moieties for further binding with Gd(III) ions. Then, the dropwise addition of Gd(III) complexes with thiacalix [4] arenes in DMSO to aqueous solution of PSS (0.5 M NaCl) precipitates the complexes in the form of hard cores followed by their stabilization with PSS. The detailed synthetic procedure to obtain PSS and PSS-PEI-stabilized colloids is described in detail in the experimental section of the article. From now on, the corresponding colloids are called after the following abbreviations: [Gd x (1) Figure 1 shows the diffraction patterns of the scattering from water and from the samples without background subtraction. The rather high scattering intensity indicates the heterogeneity of the samples -the presence of the randomly oriented particles in solutions, the dimensional characteristics of which correspond to the information area of the SAXS method (1-100 nm). [38] Scattering curves resulted from the subtraction of the buffer (scattering of water in glass capillary) from the samples, are presented in Figure 2 .
Power law slopes from the data in the high-q region can be used to describe the morphology of the system. One of the important features deduced from power law slopes is the radius of gyration (R g ). [38] This size parameter, the radius of gyration, is the square root of the average squared distance of each scatterer from the particle centre. For two samples, these parameters calculated by two different methods based on data analysis in direct and reciprocal space. [39, 40] Additionally, we used PRIMUS program [41] for the fitting of small-angle X-ray scattering spectra in a globular model pH values of the solutions were controlled with Microprocessor pH meter «pH 212» (Hanna Instruments, Germany) The pH-meter was calibrated with standard aqueous buffer solutions (pH 7.01 and 4.01).
Paramagnetic Nanoparticles Based on Novel Thiacalix [4] arenes with a local monodisperse approximation and calculated the distance distribution function p(r) in the particles (Figure 3) .
A fit of the data for [Gd x (1) y ] colloid gave the following parameters: reciprocal space radius of gyration R g 96.7 Å, real space R g = 96.92±2.93 Å, the maximum characteristic size in the particle D max 331.4 Å, Porod volume 2. Thus, a comparison of the data obtained indicates a significant increase in the [Gd x (1) y ] colloid particles radius during their PSS stabilization, which is apparently due to the enveloping of the particle core by the PSS molecules. This leads to a corresponding increase in the particle size and volume. In this case, comparing the values of the calculated effective particle radii (assuming their sphericity) with the values of the maximum distance D max in the particles makes it possible to conclude that for both samples the deviation of the shape of the particle from spherical to globular (or ellipsoidal) form is observed.
The R g value for PSS-PEI-[Gd x (1) y ] colloids is 86.58±0.96 Å. This result disagrees with the thickening of the polyelectrolyte-based exterior layer, but agrees well with the partial dissolution of the hard cores revealed in our previous work. The similar R g value is revealed for PSS-PEI-[Gd x (2) . The size decrease is in good confirmation with the previously reported tendency, which reveals significant effect of the ligand structure on water solubility of the Gd(III) complexes. Taking into account the great impact of the water insolubility of Gd(III) complexes with alkyl-malonate-substituted thiacalix [4] arenes in the formation of the PSS-stabilized colloids the tendency revealed by SAXS measurements is in good agreement with the previously reported decrease in the colloid concentration on going from PSS-[Gd x (1) y ] and PSS-[Gd x (2) y ] to PSS-[Gd x (3) y ]. It is also worth noting that the sizes evaluated by SAXS are in good agreement with the earlier reported electronic microscopy images, while much smaller than the sizes measured by dynamic light scattering (DLS) technique. Moreover, the previously reported DLS results did not differentiate between the colloids, while the difference in the turbidity of the colloids was revealed by the spectrophotometry results. Thus, SAXS procedure provides much more reliable colloid properties than DLS for aqueous core-shell colloids.
Conclusions
The work introduces colloid properties of Gd(III)-based aqueous core-shell colloids built from water insoluble propyl-malonate-substituted thiacalix [4] arene adopting 1,3-alternate conformation and Gd(III) ions facilitated by polystyrolsulfonate (PSS). The small angle light scattering data are represented herein as powerful tool to evaluate size of the Gd(III)-based cores coated by polyelectrolyte-based mono-and bi-layer. The presented herein experimental data confirm the significant effect of the polyelectrolytebased shell on the size of the hard cores resulted from their dissolution, which in turn derives from increased basicity of the hard cores microenvironment. Moreover, the structure of alkyl-malonate-substituted thiacalix [4] arene, in particular, a length of the alkyl-linker is another reason for the effect on the colloids properties. The good agreement between the tendencies revealed from small angle X-ray scattering data with the previously reported electronic microscopy images and concentration of the paramagnetic colloids highlights the SAXS as convenient procedure to reveal size, shape and aggregation behaviour of the paramagnetic core-shell colloids in aqueous solutions.
